Staphylococcus aureus is the third most dreaded pathogen posing a severe threat due to its refractory behavior against the current armamentarium of antimicrobial drugs. This is attributed to the evolution of an array of resistance mechanisms responsible for morbidity and mortality globally. Local and international travel has resulted in the movement of drug resistant S. aureus clones from hospitals into communities and further into different geographical areas where they have been responsible for epidemic outbreaks. Thus, there is a dire necessity to refrain further cross movement of these multidrug resistant clones across the globe. The plausible alternative to prevent this situation is by thorough implementation of regulatory aspects of sanitation, formulary usage and development of new therapeutic interventions. Various strategies like exploring novel antibacterial targets, high throughput screening of microbes, combinatorial and synthetic chemistry, combinatorial biosynthesis and vaccine development are being extensively sought to overcome multidrug resistant chronic Staphylococcal infections. The majority of the antibacterial drugs are of microbial origin and are prone to being resisted. Anti-staphylococcal plant natural products that may provide a new alternative to overcome the refractory S.aureus under clinical settings have grossly been unnoticed. The present communication highlights the new chemical entities and therapeutic modalities that are entering the pharmaceutical market or are in the late stages of clinical evaluation to overcome multidrug resistant Staphylococcal infections. The review also explores the possibility of immunity and enzyme-based interventions as new therapeutic modalities and highlights the regulatory concerns on the prescription, usage and formulary development in the developed and developing world to keep the new chemical entities and therapeutic modalities viable to overcome antimicrobial resistance in S. aureus.
Introduction
"Antimicrobial resistance is a global quandary demanding urgent action." Infectious diseases after cardiovascular diseases are the world's leading killers, accounting for approximately 13.3 billion deaths, which are a quarter of the total deaths occurring globally. Staphylococcus aureus a gram-positive coccus is a commensal on human skin and mucosa. Approximately 20% of the human population colonizes S. aureus, 60% are intermittent carriers and 20% never ever carry the microbe. It is an opportunistic pathogen when it gains access to the body via a cut or an abrasion. Staphylococcus is commonly responsible for SSTI's (Skin and Soft Tissue Infections) like boils, carbuncles, abscesses, impetigo [1] and other serious conditions, and it is responsible for bacteraemia, oseteomyelitis, meningitis, pneumonia, and abscesses in the liver, kidney and spleen. Patients who have prosthetic devices or underwent invasive procedures are also prone to staphylococcal infections [2, 3] . The presence of resistant Staphylococcal isolates both in nosocomial and community settings has prevailed upon scientists to develop drugs for the treatment of infections caused by resistant staphylococci. Methicillin a penicillase resistant β-lactam of the penicillin class was introduced in 1959 (Beecham) but Staphylococcus aureus rapidly acquired resistance, leading to the emergence of Methicillin-resistant S.aureus (MRSA). The very first report of MRSA came from a British Hospital [4] . Later, clones of MRSA spread across international borders, adapted to the new settings and became resident clones, which are responsible for nosocomial infections and community epidemics [5] . The presence and spread of MRSA and its variants have created a critical situation for clinicians, as MRSA was more difficult to treat.
Staphylococcus aureus -the Millennium Super bug
Sir Alexander Ogston [6] recognized the human pathogenic potential of Staphylococcus aureus in wound suppuration. Thereafter a mortality rate of 82% in 122 patients at the Boston City Hospital suffering with S. aureus bacteremia further confirmed its virulence and pathogenicity [7] . MRSA posed further difficulty by acquiring resistance against other classes of antibiotics, the very first being Gentamicin. The prevalence of Gentamicin-resistant MRSA (GR-MRSA) in Australia, USA and Europe was accounted in the early 1980's. GR-MRSA has reduced susceptibility to tetracyclines, erythromycins, lincomycins, novobiocin, neomycin and kanamycin. The majority of surveys have indicated that more than 50% of MRSA isolates are resistant to Macrolides, Lincosamides, Floroquinolones, and Aminoglycosides [8, 9] . The United Kingdoms is the worst hit in Europe with Staphylococcal infections. Fourty-five percent of the 19,311 infections in 2003-04 were caused by MRSA. More recently, MRSA has exhibited resistance to Ciprofloxacin and Mupirocin [10] [11] [12] [13] . Ciprofloxacin was one of the first Fluoroquinolones intensively used for the treatment of MRSA infections [14] . Resistance to ciprofloxacin by MRSA has been reported from clinical specimens in the early 1990's [15] . The maximum number of hospitalizations due to MRSA resistant to fluoroquinolones was recorded between 1999 and 2000 at approximately 125,969 hospitalizations including 31,440 for septicemia, 29,823 for pneumonia and 64,706 for other infections [16] . Glycopeptide antimicrobials, Vancomycin and Teicoplanin have been widely used to control MRSA infections for the last two decades. As a consequence of the selective pressure of Vancomycin, S. aureus with reduced susceptibility towards Vancomycin emerged [17] and the first Vancomycin intermediate Staphylococcus aureus (VISA) was reported from Japan [18] . However, the first true isolate of S. aureus with Vancomycin resistance, i.e. Vancomycin resistant S.aureus (VRSA), was reported from Michigan in July 2002 and was followed by a second from Pennsylvania [19, 20] .
Staphylococcus aureus is a well-armed super pathogen since it possesses extreme genetic plasticity and an array of virulence factors that provide it resistance to different classes of antimicrobial agents. This highly adaptable and virulent gram-positive microbe has established itself as an endemic entity in hospitals and other health care settings and has also started moving into communities, thereby evolving into variants popularly known as Community-Acquired MRSA (CA-MRSA), Epidemic MRSA (E-MRSA), Hospital-Acquired MRSA (HA-MRSA) and Multi-antibiotic resistant S.aureus (MARSA). CA-MRSA arise either de novo from the community-based S. aureus strains, referred to as true CA-MRSA, or through hospitals and health care settings. CA-MRSA was first reported in the early 1990's in people who had no previous history of hospitalization [21] [22] [23] [24] .
CA-MRSA is of great concern, in particular clone USA 300, which is an epidemic clone in communities in the USA and Europe leading to SSTI's and causing necrosis of soft tissues. It differs from HA-MRSA by the presence of Panton-Valentine Leukocidin (PVL) genes, which express an enzyme responsible for skin infections [24] . PVL is a synergistic membrane-tropic toxin involved in skin or skin structure-related infections in humans. The risk factors of CA-MRSA infection include frequent use of intravenous drugs, prior antibiotic use, presence of diseases like diabetes mellitus, and malignancy [25, 26] . CA-MRSA outbreaks have been reported from educational institutes, prisons, naval ships, hospital nursery and maternity units, and among athletes and gays [27] [28] [29] [30] [31] . CA-MRSA is resistant to all β-lactam antibiotics and exhibits cross-resistance to other classes of antimicrobial agents [32] . Regardless of origin, the community is increasingly becoming a reservoir for MRSA [33] . CA-MRSA has also been reported as an unusual cause for the lethal community-acquired pneumonia (CAP) occurring as a post-influenza infection. There are reports from USA and Australia of CAP caused by CA-MRSA [34, 35] . The CAP-causing CA-MRSA strain reported from Australia is fatal since it leads to death within 48 hours of the infection. Unfortunately, there are limited therapeutic options to combat CAP caused by CA-MRSA [36] . The rapid spread of the epidemics caused by MRSA and its variants (VRSA, HA-MRSA and CA-MRSA) has increased to an extent where it is going to outnumber the cases of HIV-infected individuals in the USA alone within a short time. Thus, the threat posed by these multidrug resistant gram-positive cocci could lead to a global catastrophe of intractable infections and demands development of modalities to restrict MRSA zonally and overcome its resistance on a global basis [37] . 
Survival tactics of

Inhibitors of bacterial translation
The difference between the prokaryotic and eukaryotic protein synthesis machinery has been instrumental in designing and discovering antibiotics. Thus, inhibiting protein synthesis serves as a multidimensional drug target involving steps of initiation, elongation and termination for designing the protein assembly to induce susceptibility. Furthermore, there could be other minor processes that could also be interceded by the use of inhibitors.
Macrolides, Aminoglycosides, Tetracyclines and Oxazolidinones are the major drug classes that function via inhibition of protein synthesis. Macrolides are variablesized lactones attached to one more amino or neutral sugars. Clarithromycin, Erythromycin and Roxrithomycin are 14-member lactone ring macrolides while Azithromycin is the only macrolide having a 15-member lactone ring. Bacteria resort to three methods to resist macrolides: (a) target site modification by methylation or mutation thereby preventing binding of the antibiotic to the ribosomal target; (b) efflux of the antibiotic; and (c) inactivation of the antibiotic. The erm gene is responsible for resistance of S. aureus to erythromycin by expression of erm methylase, which dimethylates the single adenine residue in the nascent 23S rRNA, a part of the 50S ribosomal subunit. Approximately 40 erm genes have been reported so far [46] . Aminoglycosides, despite being an important anti-staphylococcal drug class, have lost sensitivity to MRSA by deactivation of their structure at particular amino groups thus losing binding affinity to the 30S ribosomal subunit. The major enzymes that participate in this mechanism are ANT (Adenylate transferase) and AAC (Acetyl transferase). Resistance to neomycin, kanamycin, tobramycin and Amikacin in Staphylococci are mediated by an ANT(4') enzyme. Macrolide resistance among grampositive microorganisms is also attributed to two types of pumps, the ATP-binding cassette (ABC transporter) family and the major facilitator superfamily (MFS). In the Staphylococcus species the resistance is acquired through the ABC transporter encoded by plasmid-borne msr (A) genes [47] . Tetracyclines are broad-spectrum antibiotics, which find use as the second line of treatment for bacterial infections after penicillin. Frequent use of tetracyclines, with its capacities to promote growth in animal husbandry and to treat infections in plants, has led to widespread resistance in diverse bacteria possessing wide ranges of resistant determinants [48] . MRSA acquire tetracycline resistance through either efflux of the drug due to acquisition of tetK and tetL genes on the plasmid or through ribosomal protection mediated through tetM or tetO determinants located on the transposon or the chromosome [49, 50] . Further studies on the distribution of tetracycline resistance using molecular tools revealed that tetM is the major determinant of resistance in MRSA while tetK is prevalent in MSSA isolates [51, 52] . Linezolid is an oxazolidinone antimicrobial agent registered by DuPont (1980) as an antibacterial drug with steady inhibitory action by blocking peptidyl tRNA binding at the P-site of the 50S ribosomal unit and preventing the formation of the 70S initiation complex [53] . Despite being a synthetic moiety with no history of preexisting resistance mechanism, Linezolid encountered resistance unexpectedly in S. aureus. The reduced Linezolid susceptibility in S. aureus [54] occurs through specific point mutations in domain V of 23S ribosomal RNA of the 50S subunit. Domain V represents the peptidyl transferase, which catalyzes the peptide bond formation [55] . Quinupristin-Dulfopristin (QD) inhibits protein synthesis in S. aureus by binding to the 50S ribosomal unit. However, reduced susceptibility to the QD combination in S. aureus has been noticed recently [56] .
Another mechanism to resist antibiotics is via drug efflux proteins or transporters also known as efflux pumps. The prokaryotic kingdom possesses five different kinds of efflux pumps, namely MATE (multidrug and toxic efflux), MF (Major facilitator), SMR (small multidrug resistance), RND (resistance-nodulation-division) and ABC (ATP-binding cassette). Efflux pumps export an extensive range of structurally unrelated antibiotics from the cell, resulting in reduced intracellular concentration of the biocide and thus reduced susceptibility. The best characterized MDR pumps are MFS proteins Qac A/B and Nor A. Qac A expels approximately 30 chemical compounds belonging to 12 chemical classes that could be broadly classified as toxic mono/bivalent ions, cations, and lipophilic compounds, whereas Nor A is related to fluoroquinolones [57, 58] . Two efflux pumps (ABC transporters) vgaA and vgbB also play important roles in reduced sensitivity to streptogramins [59] .
DNA damage or Mutation
Linezolid resistance in Staphylococcus aureus is due to mutation in gene encoding for riboprotein L4. S. aureus exploits the same mechanism for macrolide resistance [60] . The general mechanism of Fluoroquinolone resistance in S. aureus functions either by bringing a change in the chromosome responsible for the expression of topoisomerase IV or DNA gyrase or by inducing a multidrug resistance efflux pump. The first resistance mechanism is alteration of the gyr A gene that encodes subunit A of DNA gyrase, i.e. topoisomerase, the target of fluoroquinolones. Another mechanism to attain fluoroquinolone resistance relates to mutation in the SmaI A locus of the chromosomal DNA of S. aureus [61] . Amino acid substitutions in vital regions of the enzyme-DNA complex commonly referred as the quinolone resistance-determining region (QRDR) reduces affinity of quinolones for both of its targets [62] . The reduced susceptibility of MRSA to the QuinupristinDulfopristin (QD) combination is due to genes coding for acetyltransferases vatA, vatB and vatC [63] .
Strategies to combat multidrug resistant S. aureus
The major challenge faced by clinicians, para-medical personnel and health care workers is checking the spread of MRSA from infected individuals in health care settings into the community. Prime general strategies for preventing antimicrobial drug resistance are to strictly adhere to guidelines of antibiotic administration, to avoid inadequate treatment, and to restrict the use of certain antibiotics or antibiotic classes from hospital formulary [64, 65] . Using old antibiotics with narrow spectrums could possibly be another strategy to overcome resistance, or a combination of old and new antimicrobial drugs could possibly give better control over drug-resistant microbes. Spread of MRSA through horizontal transmission is an important measure to check MRSA infections. This is achieved through prevention of colonization of resistant Staphylococci in the nasal and moist regions of the body. Handwashing is the most common practice of bacterial decolonization in health care workers [66] . 
Expansion of the known drug classes
Combinatorial chemistry has served the purpose of generating new congeners from the existing chemical structures. However, the chances of them being resisted is on higher side due to their indiscriminate use and also because of their similarity to the templates from which they have been derived that have already become resistant (Figure 1 ). 
β -LACTAMS
CAB-175
Another subclass of Cephalosporin is CAB-175, a parenteral cephalosporin of the azeomethine sub-class developed by Cubist Pharmaceuticals. The MIC 90 
Tetracyclines
Glycylcyclines
(N,N-dimethylglycylamido-9-aminominocycline (DMG-MINO) and DMG-DMDOT), a new class of tetracyclines have been synthesized, which has a potent broad spectrum antibacterial activity. Glycylcyclines inhibit both tetracycline-resistant and sensitive fractions exhibiting ribosomal protection factors i.e. tetM and tetO or efflux determinants Tet A, E L and K [70] . The MIC 90 of [(dimethylamino)glycylamido]-6-desmethyl-6-deoxytetracycline (DMG-DMOT) against MRSA was 2μg/ml whereas minocycline had a value of 16 µg/ml. The MRSA exhibiting TetK determinant was also susceptible to DMG-DMDOT [71] . DMG-MINO and DMG-DMDOT are more active than vancomycin, erythromycin and ciprofloxacin against both MRSA and MSSA.
Tigecycline
Tigecycline is a semi-synthetic derivative of DMG-MINO introduced by Wyeth after clearance from the U.S. FDA in July 2005. It is the first glycylcycline, introduced 30 years after the discovery of Minocycline [72] . Tigecycline is stable against all the previously known tetracycline resistant mechanisms and has potential activity against infections caused by MRSA, VRSA and MSSA. It has a MIC for MRSA in the range of 0.25-0.5 µg/ml. It exerts its antimicrobial action by blocking the movement of aminoacyl tRNA into the A site of the 30S ribosome, thus completely blocking the process of translation [73, 74] . To date, it has been impossible to generate Tigecyclineresistant isolates under laboratory conditions using suboptimal concentration exposure technique.
PTK-0796
More recently, another member of the tetracycline class that is under phase 1 clinical trial is PTK-0796, a novel broad spectrum aminomethylcycline family, which is being tested by oral as well as intravenous routes to combat MRSA. In animal models of systemic S. aureus infection, PTK-0796 performed better or equal to currently marketed therapeutic drugs and overcame tetracycline resistance in S. aureus [75] . Merck Co. & Paratek Pharmaceuticals have entered into collaboration for joint development of this molecule [76] .
Glycopeptides
Higher versions of glycopeptides designed to overcome MRSA and VRSA strains, resistant to Vancomycin and Tecioplannin, include Oritavancin and Dalbavanacin.
Oritavancin
Formerly known as LY333328, Oritavancin was discovered by Eli Lilly based on structure-activity relationships (SAR) and is currently being developed by InterMune Ltd. (USA). It is the 4'-chlorobiphenylmethyl derivative of chloroeremomycin, an analogue of Vancomycin, possessing potential activity against MSSA, MRSA, VRSA and GISA with a MIC range of 0.03 to 8µg/ µL and good tolerance as indicated by phase I clinical studies [77, 78] .
Dalbavancin (BI397)
Dalbavancin is a lipoglycopeptide derivative of Teicoplanin, originally discovered as a natural glycopeptide A40926 by Bioresearch Italia and then licensed to Versicor. Both of these companies have undergone a merger into Vicuron Pharmaceuticals, which filed the new drug application in 2005 and was subsequently acquired by Pfizer (USA). Dalbavancin is more potent than Oritavanacin and has a MIC range of 0.03-1 µg/µL for MRSA, MSSA, VRSA and GISA [79, 80] . Pfizer received approval from the U.S. 
Ramoplanin
Oscient Pharmaceuticals and Vicuron Pharmaceuticals have developed a glycolipodepsipeptide antibiotic, which is potentially active against multidrug-resistant Staphylococcus aureus [81] . Currently it is in Phase III clinical trial for the treatment of Vancomycin-resistant enterococci and Clostridium difficale-associated diarrhea (CADD) [82] . No cases of laboratory generated or clinical resistance have been reported to date.
Fluoroquinolones
Garenoxacin
Garenoxacin was under investigation as T-3811ME, a novel des-F(6) Quinolone that has very potent anti-MRSA activity when compared to other members of the fluoroquinolone family [83] . It overcomes the GyrA and ParC (GrlA) mutations involved in providing S. aureus with resistance to fluoroquinolones. The MIC 90 range for MRSA is 0.025-0.625 µg/ml [84] . It has been rechristened as Garenoxacin and Toyama Chemical Co. 
Sitafloxacin
Sitafloxacin, initially investigated as DU-6859A and then designated as Gracevit TM (Daiichi Pharmaceuticals), is approximately four times more potent than other fluoroquinolones [85] . The MIC of Sitafloxacin against MRSA and ciprofloxacin-resistant isolates ranges between 0.05 and 0.5 mg/L. This has successfully cleared phase III clinical trials in Japan.
WCK-771
Wockhardt (India) has synthesized the broad-spectrum fluoroquinolone WCK-771, which has potential activity against MRSA as well as fluoroquinolone-resistant Staphylococci. The potency of WCK-771 is four to eight fold higher than other fluoroquinolones in combating VISA and VRSA. The Nor A efflux pump did not have any activity against WCK-771 [86] . This arginine salt of S-(−)-nadifloxacin is under phase II clinical trials.
Oxazolindinones
Ranbezolid
Ranbezolid (RBx-7644) is a new extended spectrum oxazolidinone class of compound, discovered by structure-activity relationship (SAR) studies from Ranbaxy Research Labs, India [87] . The compound possesses some excellent features of Linezolid and is effective against all anaerobes. RBx-7644 is also effective against biofilms formed by MRSA [88] . Phase I clinical studies have indicated that Ranbezolid is well tolerated and safe [89, 90] .
AM-7359
Another oxazolidinone class of compounds under development is AM-7359 from Merck. It is eight-fold more efficacious than Linezolid against MRSA in a mouse infection model [91] .
Rational drug discovery
Rationality refers to using a defined strategy for antimicrobial drug development based on the knowledge of genome structure (genomics) or protein expression profiles (proteomics).
A good target generally is a gene product or an enzyme having a wide occurrence in clinical isolates. Bacterial genomics have taken great strides and today over a dozen bacterial pathogens including Staphylococcus aureus have been completely sequenced for their genomic organization. This has led to further evaluation of the identity of chemical molecules or plant extracts referred as "hits," which inhibit the expression of certain sections of genome ascribed to virulence and multidrug resistance.
def and fmt genes were initially discovered in E. coli for their putative role in formylation of methionine to initiate protein synthesis, and subsequently the N-formyl group was removed from the nascent polypeptide by the enzyme peptidyl deformylase. Genomics has indicated that bacteria have at least one homolog of the def gene coding for active deformylase (a matrix metalloproteinase) [92] . LBM 415 (NVP PDF-713), an investigational new peptide deformylase-inhibiting compound from Novartis, has a MIC 90 of 1mg/ml against oxacillin-resistant Staphylococcus aureus [93] .
The Fatty Acid System (FAS) that governs the fatty acid synthesis in bacteria as well as in humans is found to be structurally and functionally different through genomic studies. Human FAS system is a single multidomain complex whereas in bacteria, plants and protozoans there are distinct components. Further sequencing has revealed that overall sequence homology between the two FAS component systems does not exist despite similarity in structure and function. Based on these studies, bacterial fatty acid synthesis is considered as an efficient antimicrobial drug target [94] Diazoborines like Thiolactomycin and Cerulenin kill bacteria by inhibiting FabI (enoyl-ACP reductase) but have limited therapeutic use due to lack of inherent toxicity. Triclosan is another FabI inhibitor [95] . Experimental evidence exists that FabI and the fatty acid initiation, chain elongation and condensing enzymes play important roles as targets for bacterial fatty acid synthesis inhibition. GlaxoSmithKline has identified two hits from their high throughputscreening program of compound libraries belonging to the benzidiazapine and imidazole series. The imidazole series lead induced 16-fold improvement in antibacterial activity and five-fold improvement in the potency of FabI inhibition [96] .
Knockout mutants of S. aureus provide information on selective genes that play an important role in [97] . Mutant S. aureus was not able to induce infections without affecting the viability. Some promising candidates exhibiting irreversible inhibition of sortase include β-sitosterol-3-O-glucopyranoside from Fritillaria verticillata, and berberine chloride from Coptis chinensis exhibited potent SrtA [98] . Para-aminobenzoic acid (PABA) has also been found to be a good target for the development of new antimicrobials, as it is a precursor of folic acid, which is used for the synthesis of vitamins by bacteria and protozoans [99] . The Shikimate pathway for the synthesis of aromatic amino acids is another potential target for antibacterial drug design since both PABA and the Shikimic acid pathway are absent in the human system. Two-dimensional gel electrophoresis interfaced with mass spectroscopy has become a boon in understanding the expression of microbial systems under stressful conditions and has a significant role in identifying targets around which new structures could be woven to design potential antibacterial drugs [100] .
Transcription profiling methods like Oligonucleotide arrays have been successful in the identification of virulence as well as oxacillin-resistance genes in S. aureus [101] . Phage-mediated bacterial growth inhibition could also be exploited for developing new drugs to combat the problem of antimicrobial drug resistance. 
Development of Novel formulations from existing drugs
The new drugs discovered through combinatorial chemistry and rational drug design, i.e. driven by genomics and identifying novel drug targets, should be conserved and utilized only under chronic and serious infections fatal to life. There is a need to re-potentiate the current armamentarium of drugs to overcome the resistance posed by MRSA clones. Antibiotic efflux mechanisms and inhibitors of bacterial enzymes modifying the antimicrobial drugs can serve as formulations with enzymes or MDR pump inhibitors to potentiate these resistant antibiotics. The very first natural β-lactamase inhibitor was clavulanic acid, isolated from Streptomyces clavuligerus, that competitively and irreversibly inhibits β-lactamase. β-lactamase-sensitive drugs formulated with clavulanic acid overcame resistance in MRSA. The first combination developed was AUGMENTIN ® (combination of semi-synthetic penicillin Amoxycillin trihydrate and the postassium salt of Clavulanic acid) used against β-lactamase-producing S. aureus by GlaxoSmithKline (GSK). MRSA and MSSA endocarditis animal models and clinical trials exhibit effective control by AUGMENTIN ® [103] . AUGMENTIN (Co-Amoxiclav) was efficacious like vancomycin in the control of MRSA as well as non-lactamase isolates of S. aureus [104] . More recently imipenam/cefazolin, vancomycin and netilmicin, a triple antibiotic combination, is very effective for the treatment of MRSA [105] . HA-MRSA is more susceptible to a synergistic combination of Vancomycin and Gentamycin [106] . The combination of Daptomycin with β-lactams antibiotics like ampicillin-sublactam and ampicillin is synergistic for the possible treatment of MRSA [107] . Cefoperazone sodium and sulbactam sodium combination (1:1) has completed the Phase IV clinical trial sponsored by Pfizer Inc., and is marketed as Magnex for the treatment of intra-abdominal infections including those from β-lactamase as well as non-β-lactamse-producing S. aureus.
Plant extracts are being screened for their drug resistance reverting or modifying effects, as they could be putative sources of lead structures, which could render the reuse of redundant drugs encountered due to efflux pumps present in multidrug-resistant infectious microbes. This has revived plant natural products research in search of plant extracts or compounds that have the capacity to revert the resistance of currently used drugs. These are known as resistance modifiers or biopotentiators (Figure 2 ).
Epicatechin gallate (ECg), initially discovered as compound-P from green tea, has shown to revert the resistance of MRSA towards β-lactams like Oxacillin, Ampicillin and Cefalexin. The mechanism found to enhance the antimicrobial potential of the β-lactams was integrating with the cell wall peptidoglycan thus interfering with the cell wall integrity of the organism [109] [110] [111] [112] . Totarol, a dipterpenoid enhanced the activity of methicillin 256-fold against MRSA. It is a respiratory blocker and inhibits respiration by 70% when used singly and when combined with methicillin-inhibited PBP2a expression [113] . Very recently totarol has found to potentiate Norfloxacin by inhibiting the expression of norfloxacin efflux pumps [114] .
Reserpine, an anti-hypertensive alkaloid from Rawolfia serpentina, is also a Nor A efflux pump Inhibitor (EPI) and invigorates fluoroquinolones like Moxifloxacin, Ciprofoxacin and Sparfloxacin by decreasing their MIC four-fold in resistant S. aureus [115] . It also reverses the tetracycline resistance by inhibiting the Tet(k) efflux protein [116] . Berberis plants, apart from having the putative antimicrobial-berberine, also possess multidrug pump inhibitor-inhibitors 5-methoxyhydnocarpin D (5-MHC-D) and pheophorbide A, which facilitate the penetration of berberine into S. aureus [117, 118] . 5-MHC-D is also a synergist to Nor A substrates and thus help in potentiating the fluoroquinolones.
Carnosic acid and Carnosol are abietane diterpenoids from Rosamrinus officinalis (Rosemary), which enhance the susceptibility of S. aureus possessing Tet(K) and MsrA-resistant efflux pumps. Carnosic acid is a Nor A EPI [119] . Baicalein is a trihydroxyflavone extract of Thymus (Thymus vulgaris), which exhibits a strong synergistic activity with tetracycline and β-lactams like Oxacillin, Cefmetazole and ampicillin against MRSA [120] . Piperine, an alkaloid of Piper longum and Piper nigrum, enhances Ciprofloxacin activity against MRSA by reducing the MIC 2-fold by mimicking reserpine as a Nor A EPI [121] . Plant extracts also inhibit virulence factors or enterotoxins A/B and toxins in S. aureus thereby reducing the chance of infection [122] . Chloroform extract of Securinega virosa (Euphorbiaceae) and ethanol extract of M. benthamianum (Caeselpiniceae) potentiated the activity of Fluoroquinolones, tetracycline and erythromycin in resistant S. aureus isolates and reduced their MIC four-fold [123] . Puncia grantum (pomegranate) methanol extract potentiated the activity of Chloramphenicol, gentamicin, ampicillin, tetracycline and oxacillin against clinical MRSA [124] . Chloroform and ethyl acetate extracts of Cordiaa gilletii revived sensitivity of Penicillin and Streptomycin against MRSA [125] .
Non-antibiotics as well as synthetic compound libraries have also been evaluated for their antimicrobial drug resistance reversal capacities. Over 9600 compounds have been screened for their Nor A inhibition activity for development of candidate EPI's to potentiate fluoroquinolones against MRSA [126] . Clinically Thioxanthine and Phenothiazine derivatives are antiemetic and neuroleptic agents and have recently been found to exhibit broad antimicrobial activity [127, 128] . At sub-inhibitory concentrations, these compounds have synergistic effects against drug-resistant S. aureus and several other species of resistant bacteria [129] and have recently been found to inhibit the MDR pump in S. aureus [130] .
Although several plant extracts and lead compounds have been identified in both academic and industrial research programs as EPI, none of them have undergone clinical evaluation as a possible regimen in chemosensitization of current antibiotics to treat MRSA as an interim modality.
New Chemical templates
Natural products from microbes have been the mainstay of the pharmaceutical industry for development of new drugs directly or indirectly, as they provide unmatched diversity of chemical templates with potent biological activity. However, plant natural products also provide immense chemical diversity for antimicrobial drug development (Figure 3 ). Semi-synthesis of natural product analogs developed through combinatorial chemistry provides better chances of a "hit" identification for antimicrobial drug development compared to de novo synthesis of compounds [131] .
Anti-MRSA activity of plant extracts has been a popular assay in the quest for new anti-staphylococcal drugs. Extracts of Sutherlandia frutescens, Callistemon rigidus, Shorea hemslyana, Garcinia spp., Terminalia avicinnoides, and Ocimum gratissisimum have exhibited potential anti-MRSA activity and are thus candidates for exploration of bioactive compounds to overcome resistance in S. aureus [132] [133] [134] [135] . Some lead compounds from plant extracts have already been isolated and tested for their potential for development of anti-MRSA drugs. Mansinone F, a sesquiterpene from Ulmus davidiana var. japonica, has potential anti-MRSA activity with a MIC range of 0.39-3.13μg/ml [136] . Hyperforin, acylphlorgucinol from Hypericum perforatum (St. John's wort), has a MIC range of 0.1-1 µg/ml against MRSA and PRSP [137] . Hemsleyanol D (stilbene) from Shorea hemsleyanol has a MIC of 2µg/ml for MRSA [135] . Rubraxanthone from Garcinia dioica exhibited a MIC of 0.313-1.25 µg/ml [138] .
Microbial natural products have been the mainstay since the golden age of antibiotics and continue to move ahead [139] . Screening microbes from diverse geographical regions could offer novel chemical diversity for antimicrobial drug development since the majority of antibiotics isolated from microbial systems are endemic due to their occurrence in the temperate region [140, 141] . Daptomycin, dalbavancin, and oritavanacin that have been developed to combat MRSA are of microbial origin. Platensimycin from Streptomyces platensis, a South African isolate screened by Merck, exhibits potential anti-MRSA activity by inhibiting fatty acid biosynthesis. The MIC range of Platensimycin is 0.5-1µg/ml [142, 143] .
Abyssomicin is yet another microbial natural product from marine streptomycete Verrucosispora Strain AB-18-032 which has potential anti-MRSA activity via inhibition of para-aminobenzoic acid (PABA) synthase, essential for the synthesis of folic acid [99] . Microbes from marine organisms and plant endophytes also serve as underexplored niches for screening new antimicrobial drugs with unique modes of action [144, 145] . Munumbicin B from endophytic Streptomycete NRRL3052 residing in Kennedia nigriscans (snakevine), a medicinal plant, has a MIC of 2.5µg/ml against MRSA [146] . Microbes continue to be novel sources of antibiotics when they are screened strategically using knowledge of biodiversity by employing genomic and proteomic techniques.
Immunotherapeutics
Development of a candidate vaccine to combat resistance in MRSA has been one of the foremost targets to reduce the burden of chronic staphylococcal diseases. S. aureus is a difficult bug for vaccine development since it has numerous virulence factors to evade host defence mechanisms. S. aureus produces a MHC class II analogous protein (Map), which modulates the T-Cell response thereby potentiating its survival by modulating the host cell immunity [147] . Currently several immunogenic substances are being designed to overcome MRSA through host immunity. Tefibazumab® is a monoclonal humanized MSCRAMM (microbial surface components recognizing adhesive matrix molecules) based vaccine in Phase II clinical trials. StaphVAX® a polysaccharide conjugate vaccine from Nabi Biopharmaceuticals did not clear phase III clinical trials. Its development was terminated due to the requirement of booster doses every 6 months for protection against staphylococcal bacteremia in hemodialysed patients [148] 
Other strategies
Enzymibiotics
Lysostaphin is an enzyme (glycylglycine endopeptidase) produced from Staphylococcus simulans that has an antimicrobial action on Staphylococcus aureus [150] . The renewed interest in using lysostaphin as a modality for treatment of MRSA infections resulted from the decreased effectiveness of current drugs and demand for immediate infection control. Lysostaphin has a maximum bactericidal concentration of 0.16-2.5µg/ml against MRSA [151] . Lysostaphin-based products have been developed for clinical trials in the USA by Biosynexus Inc. [152] . Clinical antibiotic-resistant S. aureus exhibited sensitivity to recombinant lysostaphin, highlighting the pre-clinical efficacy of the enzyme as an antibiotic [153] . β-lactam antibiotics have also exhibited potential synergistic action with Lysostaphin in in vitro and animal model studies indicating its pivotal role in rejuvenating the current drugs [154] . However its combination with vancomycin is not clear and VRSA and GISA exhibit resistance to Lysostaphin [155] . Though Lysostaphin resistance has been encountered in S. aureus due to mutation of the fem A gene resulting in altered site having monoglycine cross bridges, the MRSA phenotype is lost [156, 157] . Furthermore, it has been found that the reduced fitness cost in Lysostaphin-resistant MRSA induces reduction in virulence thus making them sensitive to β-lactam antibiotics [158] . Thus it could be concluded that Lysostaphin, individually as well as in combination with selected antibiotics, could be effectively used for treatment of MRSA infections.
Combinatorial Biosynthesis
Microbial systems possess machinery by virtue of which they produce bioactive compounds like antibiotics broadly comprising of amino acids and carboxylic acids, which are oriented in defined complexity spatially and functionally. This machinery constitutes a cluster of genes, which are responsible for the production of giant assembly proteins known as Non-ribosomal peptide synthetases (NPRS) and polyketide synthetases (PKS). The idea of combinatorial biosynthesis came by resequencing these clusters of genes at the DNA level [159] . A variety of polyketide drugs like Amphotericin B, Nystatin, Lovastatin, and FK 506 are currently used by the pharmaceutical industry [160] . Production of new polyketides is probably the most advanced application of combinatorial biosynthesis. Genetically altering biosynthesis pathways can potentially generate an inexhaustible number of new polyketides for drug assays and further development. Jacobson and Khosla [161] have developed a technique of chemobiosynthesis, by altering PKS genes in order to make new polyketides. The chemical templates obtained through chemobiosynthesis were superior versions of erythromycin. Expression systems, designed for harvesting new molecules from plants and microbes, are being developed for production of new chemical templates with no previous history of compounds to have co-evolved with the multidrugresistant microbes to overcome resistance [162, 163] . Analogs of Daptomycin (Cubicin ® ) generated by combinatorial biosynthesis are under evaluation for their potential to combat MRSA [163] . Ramoplanin is the only analogue of 17AA lipodepsipeptide Enduracidin from the soil bacterium Streptomyces fungicidicus ATCC 21013. The biosynthesis mechanism includes a 84kb gene cluster containing 25 open reading frames located within a 116kb genetic locus [164] .
Conclusions
Staphylococcus aureus poses a serious challenge today as it has achieved the status of the most versatile and dreaded pathogen responsible for a variety of human infectious diseases. The alarming situation posed by S. aureus demands prevention from further spread and this can be achieved by following the strict recommendations and guidelines for infection control as provided by the CDC/ WHO. Strict surveillance of resistance patterns at both nosocomial and community levels using rapid diagnostic methods and genotyping would provide reliable patterns of antibiotic usage. Decolonizing MRSA in health care workers, rotating antibiotics, and curbing indiscriminate use of antibiotics by strict regulatory guidelines are other measures to restrict further development of antimicrobial drug-resistance and to combat the menace of MRSA. Therapeutic measures need to be designed using tools like genomics and proteomics to help in discovering newer compounds from the biodiversity and in developing new formulations (inclusive of herbals) to overcome the multiantibiotic-resistant S. aureus.
